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but is directed by the presence and distribution of elements of misalignment in the HIV genome.tta),
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The HIV envelope (Env) glycoprotein gp120 comprises ﬁve
hypervariable regions, termed V1 to V5, interspersed with ﬁve more
conserved regions, indicated as C1 to C5. Sequence analysis has shown
that hypervariable regions of gp120, and in particular V4, are
preferential targets forN-glycosylation, a posttranslationalmodiﬁcation
of proteins consisting in the addition of saccharides to asparagine (N)
residues during protein processing. The gp120 molecule is one of the
most heavily glycosylated proteins known in nature, with carbohy-
drates comprising over 50% of its molecular weight (Geyer et al., 1988;
Blay et al., 2006). In the past few years, a model has been developed
suggesting that carbohydrates may act as a glycan shield over the
conserved neutralizing epitopes of gp120 (Wei et al., 2003). The shield
is proposed to evolve in response to pressure from neutralizing
antibodies, leading to the creation of a continuously changing landscape
of sugar molecules over the viral Env (Wei et al., 2003).
We have previously shown that gp120 hypervariable region V4
derived from both HIV plasma RNA and proviral DNA is highly
heterogeneous within a single patient, due to the occurrence of
several insertions and deletions (indels) of various sizes. Indels in V4
involve multiples of three base pairs, with no generation of stopcodons (Castro et al., 2008; Belair et al., 2009). Indels, coupled to
amino acid substitutions, affect the number and distribution of
potential N-glycosylation (PNG) sites in V4, resulting in the
coexistence, within the same patient, of V4 subsets each characterized
by different PNG site patterns and consequently by different
glycosylation proﬁles. Based on these data, we have proposed that
V4 exists within the same host as a swarm of molecules with varying
glycan shields, thus enabling the virus to constantly replenish the viral
load with new Env variants, as existing variants are neutralized by the
host immune response (Castro et al., 2008; Belair et al., 2009). One of
the most direct consequences of this model is that no matter how
much virus is cleared by the host, the mechanism responsible for the
generation of these mutations will keep running, producing “new”
virus at a faster rate than the immune system can neutralize (Castro
et al., 2008; Belair et al., 2009).
Mutations that result in the addition or deletion of one or more
bases have been identiﬁed in the large majority of organisms. Because
the addition or deletion of bases usually leads to a shift in the reading
frame for the translation of genetic messages (except in multiples of
three), such mutations are commonly referred to as frameshifts.
Frameshift mutations have been shown to be the product of a
mechanism of misalignment during DNA synthesis (Streisinger et al.,
1966) and to occur with especially high frequency in regions of
repeated and palindromic sequences (Streisinger et al., 1966; Ripley
and Glickman, 1983; Bebenek and Kunkel, 2000). The DNA misalign-
ment model predicts that frameshift mutations result from strand
Table 1
Clonal frequency of V4 length variants in patients with HIV-1 infection.
Patient V4 ID Clones V4 length (bp)
1 V30 5/13 90
V28 8/13 84
2 V33 11/11 99
3 V33 9/15 99
V34 5/15 102
V31 1/15 93
4 V42 17/23 126
V32 6/23 96
5 V37 9/25 111
V36 3/25 108
V34 5/25 102
V32 2/25 96
V31 1/25 93
V30 4/25 90
V11 1/25 33
6 V33 26/26 99
7 V35 30/31 105
V29 1/31 87
8 V31 10/12 93
V35 2/12 105
9 V33 19/20 99
V30 1/20 90
10 V30 12/16 90
V24 4/16 72
11 V35 14/14 105
2V35 10/12 105
2V35 1/12 114
2V35 1/12 126
12 V30 11/14 90
V31 3/14 93
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high similarity, also called elements of misalignment or “misalign-
ment feet” (i.e., homonucleotide runs, repeats, duplications, and
palindromes) (Ripley and Glickman, 1983; Golding et al., 1987),
thereby creating misaligned intermediates containing unpaired
bases that are ultimately added or deleted (Ripley and Glickman,
1983; Streisinger and Owen, 1985). A particular role in deletion
mutagenesis has been proposed for palindromic sequences, whose
self-complementarity would allow the formation of DNA secondary
structures as deletion intermediates (Glickman and Ripley, 1984).
Studies by Kunkel and collaborators have shown that HIV-1 reverse
transcriptase (RT) may also be implicated in misalignment, leading
to single-nucleotide substitutions, insertions, and deletions in
homopolymeric sequences (Kunkel and Soni, 1988; Bebenek et al.,
1989; Bebenek et al., 1993).
One of the most direct implications of the misalignment mecha-
nism is that frameshift mutations do not occur at random along the
genome, but are directed by the presence of speciﬁc sequences
(elements of misalignment) in the proximity of the mutation. As a
consequence, genomic regions that are known to be hotspots for
frameshift mutations (i.e., indels) should also be hotspots for these
sequences. We have therefore analyzed the nucleotide sequence of
Env to assess the presence of elements of misalignment in individual
regions of gp120. The consistent ﬁnding of repeated and palindromic
sequences in strict association with indels in V4 suggests that these
events are indeed frameshift mutations and that a mechanism
involving misalignment may be responsible for their generation.
Results
We have analyzed the nucleotide sequence of gp120 in HIV plasma
RNA derived from 12 patients at the early stage of infection and
undergoing different therapeutic regimens. Our goal was to assess the
occurrence of repeated and palindromic sequences in associationwith
indels in V4, indicating that these mutationsmay be produced by DNA
misalignment. We have used the term “repeat” to indicate short
sequences of similar bases or trinucleotides, whereas the term
“duplication” indicates longer sequences characterized by speciﬁc
features.
Table 1 summarizes the clonal data about the length polymor-
phism observed in V4 in each of the 12 patients studied. To simplify
description, each V4 length has been designated by an ID
corresponding to the letter V (variant) followed by the number of
amino acids of the variant (Table 1) (Castro et al., 2008; Belair et al.,
2009). Pts. 6 and 9 were sexual partners and shared the same virus
(Castro et al., 2008).
In patients with chronic HIV infection, the sequence of the initial
infecting virus(es) remains uncertain and it is not possible to assess
whether differences in size of V4 regions derived from the same clinical
sample are due to insertions or deletions. For this reason, when
referring to V4, wewill use the term “indel” to indicate that an event of
either insertion or deletion causing a difference in length has taken
place. Based on these considerations, and given the fact that less
represented variants are less likely to bedetected, our data provide only
qualitative information about those variants which are overly repre-
sented in the population, and shouldnot be regardedas absolute values.
Indels in V4 involve insertion and deletion of duplicated
nucleotide segments
Nucleotide sequence analysis shows that V4 is characterized by the
presence of various duplications in 11 of 12 patients studied.
Duplicated sequences in V4 involved a number of base pairs multiple
of three and they followed two distinct patterns, depending on
whether they occurred in the N- or C-terminal end of V4. Examples of
insertions-duplications/deletions in V4 are illustrated in Figs. 1 to 3.In 9 of 12 patients, duplications occurred in the N-terminal end of
V4, which involved a 15-mer, designated as SeqA (bp7383-7397 of
HXB2) (consensus ACAACAAAACTGTTT) and a 9-mer, designated as
SeqB (bp 7401-7409 of HXB2) (consensus AGTACTTGG) (Fig. 1).
Alignment of SeqA and SeqB with standard web alignments shows
that these sequences are speciﬁc to V4 and that they are relatively
conserved among subtypes (data not shown).
At least one copy of SeqA was present in all the patients studied
whereas SeqB was present in all patients except Pt. 10 (Fig. 1). In Pts.
4, 8 and 10, two copies of SeqA were present (Fig. 1). In Pt. 4, the two
SeqA were regularly interspaced with two SeqB (Fig. 1, Fig. 2A). In
contrast, in Pt. 8 the two copies of SeqA were separated by the 9-mer
AATAGTAAT (Fig. 1, Fig. 2B). Similarly, in Pt. 7, two copies of SeqB
were also separated by the same 9-mer (Fig. 1, Fig. 2C). In six patients
in whom SeqA and/or SeqB were found to be duplicated, a clonal
population could be detected in which V4 carried a unique copy of the
duplicated sequence. Various examples of insertion-duplication/
deletion of SeqA and SeqB in the N-terminal end of V4 are illustrated
in Fig. 2 (A–C) and Fig. 3. Pts. 6 and 9, who were infected by the same
virus (Castro et al., 2008), shared the same V33, characterized by
similar copies of SeqB (AGTACTTGG and AGTCTTGG), and by a partial
copy (6-mer) of this same sequence (ACTTGG) (Fig. 1). No other V4
variants were detected in Pt. 6, although a V30 variant was detected in
Pt. 9 characterized by the presence of a unique copy of SeqB (data not
shown). Similarly, in Pt. 11, a unique V35 was detected in plasma at
baseline, characterized by 2 copies of SeqB (Fig. 1). In the same
Fig. 1. Sequence duplications in the N-terminal end of V4. In each patient, a representative V4 was chosen. SeqA and SeqB are shaded in green and yellow, respectively. Palindromic
sequences are underlined.
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plasma sample collected after undergoing antiretroviral therapy
(ART), as previously described (Castro et al., 2008; Belair et al.,
2009). V42 was characterized by the presence of three copies of SeqB,
interspaced with AAT repeats, whereas V38 carried only 2 copies of
SeqB, together with a string of AAT (data not shown).Fig. 2. Elements of DNA misalignment in V4. Gap-inclusive alignments of consensus sequen
naïve to antiretroviral therapy. Sequences are aligned in decreasing order of length. Stars in
trinucleotides are marked in red. Repeated sequences in the C-terminal end of V4 are shad
variants V42 and V32 of Pt. 4. In V42 two SeqA are regularly interspaced with two SeqB, wh
variants V35 and V31 of Pt. 8. V35 carries two copies of SeqA whereas only one copy is presen
C-terminal end of V31, but not V35, is characterized by the presence of repeated sequence
duplication/deletion of SeqB. Indels breaking points are characterized by the presence of ove
showing insertion/deletions of short repeats (ATC, AAAT). Palindromic sequences are preseAs already mentioned above, duplications occurring in the C-
terminal end of V4 involved shorter non-speciﬁc sequences consisting
mainly of repeats of like bases (Figs. 2 and 3). In Pt. 8, two variants
were identiﬁed, V35 and V31, which differed by two indel events in
the N- and C-terminal ends of the V4 region, respectively (Fig. 2B). The
N-terminal indel involved a duplication of SeqA. In contrast, the C-ces obtained for each V4 length in four individuals chronically infected with HIV-1 and
dicate base pair substitutions. SeqA and SeqB are highlighted in green and yellow. AAT
ed in gray. Palindromic sequences are underlined. (A) Gap-inclusive alignment of V4
ereas V32 carries only one copy of these sequences. (B) Gap-inclusive alignment of V4
t in V31. Overlapping palindromic sequences are present at indels breaking points. The
s (AAGGT and AATGG). (C) Gap-inclusive alignment of V35 and V29 of Pt. 7 showing
rlapping palindromic sequences. (D) Gap-inclusive alignment of V31 and V30 of Pt. 12,
nt within indels and in the proximity of indels breaking points.
Fig. 3. Structures of misalignment in V4. Gap-inclusive alignment of V4 variants V37, V36, V34, V32, V31, V30, and V11 of Pt. 5. SeqB is present in two copies in all variants except V31
and V11. Indels in the C-terminal end involve fragments of Pseudo-SeqA. In V11 most of V4 has been deleted. 10-, 8-, and 6-base palindromes have formed across the indel breaking
points. Stars indicate base pair substitutions. SeqA and SeqB are shaded in green and yellow. AAT trinucleotides are marked in red. Pseudo-SeqA in the C-terminal end of V4 is shaded
in gray. Palindromic sequences are underlined.
170 S. Guglietta et al. / Virology 399 (2010) 167–175terminal indel involved two short sequences, AAGGT and AATGG.
Similar copies of these sequences (AAGGGT, AATG, and AATGG) were
also present in the ﬂanking sequences upstream the indel event
(Fig. 2B). Similarly, in Pt. 12, the difference in length between V31 and
V30 was due to two indels located in the C-terminal end of V4, which
involved short sequences that were repeated in the DNA upstream the
indel, namely an ATC trinucleotide and an AAATA stretch, as shown in
Fig. 2D.
In Pt. 5, several variants were identiﬁed, whose length ranged from
37 to 11 amino acids (Fig. 3). Two copies of SeqB were identiﬁed in
V37, V36, V34, V32, and V30 of this patient. In contrast, in V31, an
indel was present involving one copy of SeqB. In the majority of V4
variants derived from this patient, the C-terminal ends of the region
were characterized by the presence of adjacent sequences (ACACTG,
ACCACTG) sharing similarity with the core segment of SeqA
(ACAACTG), designated as Pseudo-SeqA, and separated by AAAAT
stretches (Fig. 3). In V32 and V30 the downstream copy of Pseudo-
SeqA was absent. In V11, both SeqA and SeqB had disappeared
because of a large deletion spanning most of V4.
Indels in V4 are associated to the presence of AAT trinucleotides
AAT triplets were consistently found to be located at indel
breaking points. In addition, AAT stretches were found within
inserted/deleted segments and as ﬂanking sequences of, and spacers
between, copies of SeqA and SeqB. It should be noted that AAT is one
of the codons for asparagine (N), the amino acid central to the PNG
site. Analysis of nucleotide and amino acid sequences has shown that
N residues in V4 are encoded almost exclusively by the AAT codon and
that N residues which are part of PNG sites are affected by indels,
leading to rearrangements of PNG sites within the V4 region (data not
shown). Figs. 2 and 3 show some examples of the association between
AAT and indels in V4.
Indels in V4 are associated to the presence of palindromic sequences
Palindromic sequences were identiﬁed in V4 of all patients (Figs.
1–3). In patients carrying duplications, palindromes also occurred
within duplicated segments and in ﬂanking sequences. In clonal
populations carrying deletions, palindromes were observed at thebreaking points of indels (Figs. 2–3). It should be mentioned that the
ﬁrst 6 bp of SeqB (AGTACT) are also a palindromic sequence.
Palindromes in V4 spanned mainly 4 to 6 base pairs, although 8-
and 10-base palindromic sequences were also detected. In V11 of Pt. 5
three overlapping palindromes of 10, 8, and 6 base pairs (TGTAAT-
TACA, GTAATTAC, and TAATTA) were detected right across the
breaking points of a large indel spanning most of the V4 length
(Fig. 3). In Pt. 2, in which indels were never detected, single copies of
SeqA and SeqB, multiple copies of AAT, and various palindromes were
identiﬁed (Fig. 1).
V3 and C3 are characterized by the absence of duplications and by the
presence of palindromes
Contrary to what observed in V4, no duplications were recognized
in V3 and C3 (Figs. 4 and 5). The sequence of V3 appeared to be
remarkably conserved among patients, even those harboring HIV
subtypes other than B, such as Pts. 10 and 12 (Fig. 4). In contrast, the
sequence of C3 appeared substantially less conserved. Three different
C3 lengths were detected, spanning 168 bp, 165 bp, and 162 bp, and
identiﬁed as V56, V55, and V54, respectively (Fig. 5). Length
polymorphism in C3 was observed only among patients and not
within the same individual. In addition, it appeared to be due only to
the insertion/deletion of AT strings spanning 3 to 9 base pairs and
ﬂanked by AAC trinucleotides (Fig. 5). Palindromic sequences were
easily detected in both V3 and C3 in all patients (Figs. 4–5).
Palindromes in V3 and C3 spanned mostly 4 to 6 base pairs and
showed a trend toward overlapping with each other in hotspots along
both regions. No signiﬁcant differences were detected in the values of
the frequency of palindromic sequences in V3, C3, and V4 (data not
shown).
The distribution of 4- and 6-base palindromes in different genes of HIV
shows highly signiﬁcant differences regardless of HIV subtype
The ﬁnding of duplications and repeated sequence stretches in V4,
but not in V3 and C3 was consistent with our initial hypothesis that
structures of DNA misalignment should cluster in those regions that
are hotspots for indels. However, the ﬁnding of several palindromic
sequences occurring at similar frequencies across the three regions
Fig. 4. Elements of DNA misalignment in V3. Alignment of consensus sequences of hypervariable region V3 in 12 patients with chronic HIV infection showing lack of sequence
duplications in this region of gp120. Palindromic sequences (underlined) cluster in hotspots in the N-terminal end of the region. AAT trinucleotides are marked in red.
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Therefore, we decided to calculate the frequency of palindromic
sequences in the whole HIV genome and in selected genes, to see
whether differences existed in their distribution at the gene level. The
rationale for this analysiswas that if palindromic sequences are indeed
involved in the generation of length variation, we should expect their
frequency to be higher in genes characterized by high variability, such
as gp120, and lower in genes whose regulatory functions do not allow
for high levels of sequence diversity, such as Tat.
We analyzed the frequency (total counts of palindromes per Kb) of
4- and 6-base palindromes in eight HIV genomes of different subtypes
(A, B, C, D, G, and CRF02_AG), chosen at random from the HIV
database and in seven HIV genes derived from the same genomes (5′
LTR, Gag, Pol, gp120, gp41, Tat exon 1 and Vpu) (Fig. 6, A and B). The
lower frequencies of larger palindromes (8-, 10-, and 12-base) did not
allow for reliable detection in shorter genes and were not included in
our analysis. As shown in Fig. 6, the values of the frequency of 4- and
6-base palindromes in whole genomes are different from the same
values calculated in individual genes. The frequency of 4-base
palindromes calculated in individual genes is signiﬁcantly higher in
gp120 (p≤3.00E-7), and signiﬁcantly lower in Tat (p≤9.00E-7) than
the average frequency calculated over the full genome. The values of
the frequency of 6-base palindromes calculated in individual genes
also showed signiﬁcant variation in Gag, gp120 and Tat, as compared
to the average frequency value calculated over the full genome,
although with lower orders of magnitude (Fig. 6C).
Discussion
In this study, we have analyzed the nucleotide sequence of a
fragment of gp120 spanning C2-C4 and encompassing V3, C3, and V4.
Our goal was to see whether a correlation could be established
between the presence of elements of misalignment and the
occurrence of indel polymorphism in V4. In our previous studies we
have shown that indels in V4 occur as multiples of three base pairs
andwith no generation of stop codons (Castro et al., 2008; Belair et al.,
2009). In this study, we show that indels in V4 are closely associatedwith elements of misalignment (short repeats, long duplications,
palindromes) (Ripley and Glickman, 1983; Glickman and Ripley,
1984; Streisinger and Owen, 1985; Golding et al., 1987; Bebenek and
Kunkel, 2000) suggesting that they may be frameshift mutations
generated by strand-slippage mechanism due to events of misalign-
ment (Streisinger et al., 1966).
We found that indels in V4 involved always insertions-duplica-
tions/deletions of existing sequence segments, together with several
palindromic sequences. Palindromes occurredwithin inserted/deleted
regions and/or at indels breaking points. In addition, different types of
repeated sequences were involved in themutation process, depending
on the region of V4 in which the mutation occurred. In the N-terminal
end of V4, indels were found to be associated to insertion-duplication/
deletion of SeqA and SeqB. In contrast, indels occurring in the
C-terminal end involved short sequence stretcheswhichwere found to
be repeated in the surroundingDNA. No indel polymorphism similar to
the one described in V4 was found in V3 and C3, although palindromic
sequences were detected in both regions, with frequencies similar to
the frequency of palindromes in V4.
When we ﬁrst described indel polymorphism in V4, we could not
observe any indels in patients before seroconversion, whereas several
indels were reported in the same patients about a year after infection
(Castro et al., 2008). At the time, we could not determine whether the
observed lack of polymorphism during primary infection was due to
the presence of a unique, homogeneous population of gp120 or to the
overwhelming presence of one predominant gp120 variant masking
other variants that were less represented. Based on these new data, it
is now reasonable to assume that the viral population during primary
infection may be indeed very homogeneous, with indel polymor-
phism spreading slowly within the same HIV-infected individual as
the infection progresses and more and more cells get infected.
Another important consequence of this ﬁnding is that the observed
apparent conservation of the reading frame in V4 is just the result of a
process of selection. Frameshift mutations involving any number of
base pairs are likely to occur evenly across gp120; however, only
those mutants carrying a functional gp120 (indels of multiples of
3 bp) will be able to perpetuate the virus cycle and to keep spreading
Fig. 5. Elements of DNA misalignment in C3. Alignment of consensus sequences of gp120 C3 in 12 patients with chronic HIV infection. Length polymorphism in C3 occurs at interhost level. Indels in C3 are associated to the presence of AAT
(red) and AAC (blue) trinucleotides. Palindromes (underlined) show a trend toward clustering at the N-terminal end of the region.
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Fig. 6. Frequency of 4- and 6-base palindromes in full length genomes and individual genes of HIV-1 from different subtypes. (A) Total counts per Kb of 4-base palindromes in HIV
genes from different subtypes. (B) Total counts per Kb of 6-base palindromes in HIV genes from different subtypes. (C) The values of the frequency of 4- and 6-base palindromes
calculated over full length genomes show signiﬁcant variations from the values calculated in individual genes, regardless of the virus subtype.
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Wood and coworkers (Wood et al., 2009) suggesting that insertions
and deletions happen at random along the Env gene and are
maintained in the hypervariable regions because of selective
constraints occurring during the chronic phase and not during the
acute phase of the infection. However, if this is the case, the
occurrence of frameshift mutations in gp120 (and in the whole
genome) would be only apparently random, since it would follow the
distribution of the hotspot motifs which generate them.
We found that palindromic sequences were characterized by
ample distribution over the entire sequenced fragment (C2-C4), with
frequencies that were similar regardless of the region analyzed. One
possible explanation for this ﬁnding was that each gene may have its
own potential to mutate as a whole depending on its function, with
structural genes as gp120 more prone to variation than regulatory
genes, as Tat. We measured the frequencies of 4- and 6-base
palindromes in eight HIV full genomes pulled at random from the
HIV database, and in seven individual genes derived from the same
genomes. Our results show that the frequency of 4-base palindromes
is indeed signiﬁcantly higher in gp120 and signiﬁcantly lower in Tat. A
possible way to explain this ﬁnding is that palindromic sequencesmaybe scattered in great number all overHIV, as an additionalmean to
increase the virus potential to mutate. In this regard, some very
important considerations should be made: (1) mutation is mostly a
disruptive process, (2) elements of misalignment do affect RNA
folding, and (3) even mutations producing in-frame indels may be
associatedwith other defective features and thereforemay be selected
against. On these bases, it is reasonable to assume the existence of two
selection's levels for misalignment's elements along the HIV genome:
the ﬁrst one responsible for the negative selection of defective newly-
produced virus (i.e., out of frame proteins, improper folding, improper
packaging, defective RT, low ﬁtness, etc.); and the second one
accounting for the positive selection of all those mutants to which
mutation may have conferred selective advantage (i.e., neutralization
escape mutants). A very important difference between these two
levels would be that whereas the ﬁrst one involves features that are
intrinsic to the virus and therefore strictly deﬁned, the second one
would act over features that depend on the virus–host interaction. The
result of this interaction would be the production of large populations
of viable viral particles each characterized by its own potential ﬁtness
that cannot be known a priori since it would be a dynamic function of
the balance between host, virus, environment and time.
174 S. Guglietta et al. / Virology 399 (2010) 167–175In all the patients, indels in V4 appeared to be in relation with the
trinucleotide AAT, whereas length variation in C3 appeared to be
related to both AAT and AAC. Interestingly, both trinucleotides are the
codons for asparagine (N), the amino acid that is central to the PNG
site. The presence of AAT instead of AAC in V4 could be justiﬁed by the
fact that mutations in the HIV genome are biased toward G/C to A/T
transitions (Mansky and Temin, 1995). However, the A/T bias of the
HIV genome alone is not sufﬁcient to justify the overwhelming
presence of AAT trinucleotides in V4. We have previously shown the
role that sugars of V4 play in shielding the gp120 molecule from the
host immune system. The shield is due to the constant reshufﬂing of
PNG sites in V4 but not in other regions of the protein (Castro et al.,
2008; Belair et al., 2009). Since reshufﬂing is function of frameshift
mutations caused by repeats and palindromes, reshufﬂing involving A
and T has more probability to occur, since the core dinucleotide AT is
“per se” palindromic. We could imagine the occurrence of a feedback
loop in which frameshift mutations cause reshufﬂing of AT stretches,
generating at random endless combinations of AAT trinucleotides in
V4 of newly-formed gp120 molecules. Since reshufﬂing of AAT in V4
generates rearrangements of PNG sites, this would increase the escape
potential of the gp120 carrying the mutation, resulting in the selective
predominance of AAT over AAC observed in V4. On the role and the
origin of the duplications SeqA and SeqB, we can only make
hypotheses. As the number of sequenced frameshift mutations has
increased, it has become apparent that more than one model is
required to explain them and thus multiple mechanisms contribute to
frameshift mutation (Streisinger and Owen, 1985). Hypervariable
region V4 has been found to play a key role in the swarming nature of
gp120. As mentioned above, reshufﬂing of PNG allows for the
production of an endless array of V4 regions, each characterized by
its own glycan proﬁle. In order to achieve this, V4 needs to be
considerably more variable than other regions of gp120. It is
reasonable to consider SeqA and SeqB as variability enhancing
structures, whose presence would enable V4 to mutate much faster
than the rest of the genome. The presence of structures as SeqA and
SeqB, together with AAT trinucleotides and palindromes, would
enable V4 to change at such high rate, conferring to the virus its
unique ability to escape the host immune response.
Although originally described to explain the generation of
frameshift mutations in DNA (Streisinger et al., 1966), the mechanism
of misalignment has also been implicated in the spectrum of HIV RT
errors (Kunkel and Alexander, 1986; Kunkel and Soni, 1988a; Kunkel
and Soni, 1988b; Bebenek et al., 1989; Bebenek et al., 1993).
Mutations produced by HIV-1 RT have been ascribed to the interaction
of different mechanisms producing frameshifts and substitutions
which appear to involve mostly single nucleotides or dinucleotides
(Bebenek et al., 1989). In contrast, evidence for sequence-directed
mutations caused by DNA polymerase strand-slippage mechanism
has been found in many prokaryotic genes from yeast, Escherichia coli,
and the phage T4, and also in the interferon genes of humans (Ripley,
1982; Ripley and Glickman, 1983; de Boer and Ripley, 1984; Glickman
and Ripley, 1984; Golding and Glickman, 1985). The ﬁnding of long
duplications and repetitive sequences in the close proximity of indels
in V4 suggests strand misalignment as the possible cause of these
mutations. Further studies will be necessary to ascertainwhether they
occur in HIV-1 genomic RNA due to strand-slippage errors of RT, or in
HIV proviral DNA due to errors of host cell DNA polymerases.
Materials and Methods
Patients
The patients analyzed in this study corresponded to Pts 1–12
enrolled in the study by Castro and coworkers (Castro et al., 2008;
Belair et al., 2009). Pts. 1–3 have been described elsewhere (Pilgrim
et al., 1997; Bures et al., 2000). Pts 4–12 were chronically infected(CD4+ T-cell countN 400/mm3) and naive to antiretroviral therapy
(ART) (baseline) (Bart et al., 2000; Rizzardi et al., 2000). Pts. 6 and
9 were sexual partners (Pt. 6 was infected by Pt. 9) and they share
the same virus (Castro et al., 2008; Belair et al., 2009). Pts. 10 and
12 were shown to harbor subtype G and CRF02, respectively. All
the other patients harbored HIV-1 clade B (Castro et al., 2008;
Belair et al., 2009).
Reverse transcription, PCR ampliﬁcation and sequencing
In all patients, an Env fragment from HIV-1 plasma RNA spanning
C2–C4 and corresponding to bps 6960–7532 of the HIV-1/HTLV-III/
LAV reference genome (Ratner et al., 1985) was reverse transcribed,
ampliﬁed, cloned and sequenced as described (Castro et al., 2008;
Belair et al., 2009). In HXB2, this fragment is 572 bp long. A total of 220
clones were analyzed in this study. Their sequences can be found in
the GenBank database under accession numbers EF536419–
EF536431, EF536460–536470, EF536486–536653, EF536671–
536684, and EF536697–536710 (Castro et al., 2008).
Sequence analysis
Sequence analyses were performed using Sequencher and Bioedit
software packages, together with the tools available at the HIV
Sequence Database (http://www.hiv.lanl.gov/content/sequence/
HIV/mainpage.html). Due to the high degree of length polymorphism
found in V4, in each clinical sample, sequence analysis was performed
on the consensus sequences obtained by aligning all the clones of the
same length. As a consequence, in each clinical specimen, the number
of consensus sequences corresponded to the number of V4 lengths
detected in that particular patient. Gap-inclusive alignments of V4
consensus were created in order to align consensus sequences of
different length derived from the same patient. Regions V3 and C3
derived from the same patients shared high similarity and could be
easily aligned. However, they were aligned following the same
procedure as for V4. Potential sequence differences between variants
are identiﬁed by IUPAC symbols. Nucleotide consensus sequences
were obtained using the ConsensusMaker Tool (http://www.hiv.lanl.
gov/content/sequence/CONSENSUS/AdvCon.html). Nucleotide se-
quence alignments were obtained using the Quick Align Tool
(http://www.hiv.lanl.gov/content/sequence/QUICK_ALIGN/QuickA-
lign.html). Numbering of nucleotide positions in V3, C3, and V4 is
referenced to the HIV-1 HXB2 prototype using the HIV Sequence
Locator Tool (http://www.hiv.lanl.gov/content/sequence/LOCATE/
locate.html). The presence (or absence) of sequence duplications in
V3, C3, and V4 was assessed by the program Tandem Repeats Finder
(http://tandem.bu.edu/trf/trf.html) (Benson 1999).
Analysis of the frequency palindromic sequences
Eight HIV full genomes corresponding to subtypes A, B, C, D, G,
and CRF02_AG (HXB2, AM000053, AB287363, AB254142,
AF133821, AB287004, AB287366, and AB286863) were taken
from the HIV Sequence Database. Palindromes were detected by
the Palindromic Sequence Finder (http://www.biophp.org/minitools/
ﬁnd_palindromes/demo.php). Frequencies per Kb of 4- and 6-base
palindromes were calculated in individual genes (5′LTR, Gag, Pol,
gp120, gp41, Tat Exon1, and Vpu) and in full-length genomes.
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